INTRODUCTION
Of all the DNA repair systems, nucleotide excision repair (NER) is the most versatile in terms of lesion recognition. NER deals with a wide variety of helix-distorting lesions that interfere with base pairing and genetically impede transcription and normal replication. The most familiar substrates of NER include ultraviolet (UV)-induced cyclobutane pyrimidine dimers (CPDs) and pyrimidine pyrimidone photoproducts (6-4PP) as well as cisplatin-and Benzo[a]pyrene Diol Epoxide-induced bulky adducts (1) . It is believed that in mammalian cells, NER is mediated by the sequential assembly of repair proteins at the site of DNA lesions (2) (3) (4) . Given the fact that the genomic DNA is tightly packaged through histone and non-histone proteins into chromatin, the cellular repair machinery has to circumvent this structural barrier to gain access to the deeply embedded damaged site. Generally, diverse histone modifications, especially lysine acetylation, help orchestrate the accessibility of DNA damage within chromatin (5) . p300 and CBP are general transcriptional co-activators and known to control many biological activities, e.g. cellular growth and differentiation, tumorigenesis and apoptosis. As a result, p300 and/or CBP dysfunction have been implicated in numerous disease processes, including several forms of cancers and cardiac hypertrophy (6, 7) . Although p300 and CBP have their unique functions, the high degree of homology between p300 and CBP suggests that these proteins could be functionally redundant in orchestrating the cognate cellular activities [Reviewed in (8) ]. The inherent histone acetyltransferase (HAT) activity allows p300 and CBP to influence chromatin structure through histone modifications and impacting transcription (9) . In addition, the HAT activity of p300 and CBP is also involved in DNA repair (10, 11) . It has been reported that p300 is recruited to double-strand break (DSB) sites. Ablation of p300 suppressed acetylation of histones H3 and H4 and co-suppressed the recruitment of key proteins of the non-homologous end joining (NHEJ) process (10) . p300 was also suggested to play a role in NER through the p53-dependent recruitment to NER sites for chromatin relaxation (11) . However, the exact role of p300 in DNA repair is still unclear and is further complicated by the phosphorylation and prompt degradation of p300 in response to exposures to various DNA-damaging agents.
Although p300 is phosphorylated in a cell-cycledependent manner during differentiation and in response to cytokines and extracellular cues, phosphorylated p300 can be detected in both quiescent and proliferating cells (12, 13) . p300 harbors several different phosphorylation sites available to extracellular signal-activated kinases including protein kinase A (PKA), PKC, Akt and mitogen-activated protein kinases (MAPK) (13, 14) . Site-specific p300 phosphorylations, besides resulting in distinct structural and functional alterations, also regulate p300 stability. For example, PKC-and salt-inducible kinase 2-mediated p300 phosphorylation at serine 89 represses intrinsic HAT activity (15, 16) , while phosphorylation at serine 1834 by Akt enhances HAT activity (17, 18) . In addition, p44/p42 MAPK-mediated p300 phosphorylation on the C-terminus (Ser-2279, Ser-2315 and Ser-2366) was also reported to stimulate its HAT activity (19) . The interaction and phosphorylation by Akt help maintain cellular p300 steady-state levels (20, 21) . In contrast, the interaction with p38 MAPK resulted in p300 degradation (22) . p300 phosphorylation and degradation are also functionally linked to DNA damage response. However, these linkages vary in response to treatments with different DNA-damaging agent. For instance, the ATM-mediated phosphorylation of serine 106 of p300 was found to be important for stabilization of p300 proteins in response to DSB-inducing ionizing radiation (IR) and Etoposide (23) . However, Doxorubicin, a topoisomerase II poison also causing DSB, induced phosphorylation-dependent degradation of p300 in cardiomyocytes (22, 24) . Similarly, the DNA-crosslink inducer cisplatin also stimulated p300 degradation (25, 26) . Therefore, the distinguishing functional links between specific phosphorylation events and p300 in DNA damage repair remain largely unknown.
In this study, we have demonstrated that p300 is degraded only in response to DNA lesions that serve as substrates for the NER pathway. In contrast, DSB did not cause p300 degradation but increased the level of p300. In addition, DNA damage-induced p300 degradation paralleled p300 phosphorylation at serine 1834, which is mediated by both p38 MAPK and Akt. Furthermore, inhibition of either p38 or Akt blocked both p300 phosphorylation at serine 1834 as well as p300 degradation. The subsequent study indicated that p300 and CBP function redundantly in NER, with p300 phosphorylation at serine 1834, but not p300 itself, being critical to the efficient removal of UV-induced CPD and the recruitment of DDB2 to damage sites, especially in the heterochromatic regions of the genome.
MATERIALS AND METHODS

Cell culture and treatment
Normal human fibroblasts (NHFs) OSU-2 cells were established and maintained in culture as described earlier (27) . Li-Fraumeni Syndrome MDAH 041 cells were kindly provided by Dr Michael Tainsky (MD Anderson Cancer Center). Both cell lines were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (FBS) and antibiotics at 37 C in a humidified atmosphere of 5% CO 2 . The primary NER-deficient fibroblasts XP-A (GM05509), XP-D (GM03248), XP-F (GM04313) and XP-E (GM01389) were purchased from NIGMS Human Genetic Cell Repository (Coriell Institute for Medical Research, Camden, NJ, USA) and were grown in minimum essential medium (MEM) with 2Â essential amino acid, 2Â nonessential amino acid and 2Â vitamin supplemented with 15% FBS and antibiotics at 37 C in a humidified atmosphere of 5% CO 2 . For UV exposure, the cultures were washed with phosphate-buffered saline (PBS) and irradiated with UV followed by incubation for varying times. UV-C light (254 nm) was delivered from a germicidal lamp at a dose rate of 0.5 J/m 2 /s, as measured by a UVX digital radiometer connected to a UVX-31 sensor (UVP, Inc., Upland, CA, USA). For cisplatin treatment, cells were maintained in medium with the desired doses of cisplatin (Sigma, St Louis, MO, USA) for 1 h, and then washed with PBS and followed by incubation in fresh cisplatin-free medium for varying times post-treatment. For IR treatment, X-ray was delivered to cultured cells in a RS-2000 X-ray Biological Irradiator (Rad Source Technologies, Inc., Suwanee, GA, USA). For Etoposide treatment, cells were cultured in medium containing 5 mM of Etoposide (Sigma) for various time periods. To inhibit the activity of 26S proteasome, p38 MAPK or Akt, cells were first cultured in medium containing MG132 (Calbiochem, Billerica, MA, USA), SB203580 or LY294002 (Cell signaling Technology, Danvers, MA, USA) for 1 h, then treated with UV and further cultured in the medium containing inhibitors for various time periods.
Plasmids, siRNA and cell transfection
The plasmid encoding full-length p300-WT was kindly provided by Dr David Livingston (Harvard Medical School, Boston, MA, USA). The plasmid encoding p300S1834A mutant was kindly provided by Dr David Jones (University of Virginia) and Dr Terry Unterman TG (University of Illinois at Chicago). The plasmids were transfected into cells using FuGENE 6 (Roche Applied Science, Indianapolis, IN, USA) according to the manufacturer's instruction. siRNA SMARTpools designed to target human p300 (M-003486) or human CBP (M-003477) and scramble non-targeting siRNA (5 0 -UUC UCC GAA CGU GUC ACG UdTdT-3 0 ) were purchased from Dharmacon Inc. (Denver, CO, USA). 50 or 100 nM siRNA was transfected into cells using Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacture's instruction.
Immunoblotting and immunoprecipitation
Whole cell lysates were prepared by boiling cell pellets for 10 min in lysis buffer [2% sodium dodecyl sulfate (SDS), 10% glycerol, 62 mM2-4Tris-HCl, pH 6.8 and a complete mini-protease inhibitor cocktail (Roche Applied Science)]. After protein quantification with Bio-Rad Dc Protein Assay (Bio-Rad Laboratories, Hercules, CA, USA), equal amounts of proteins were loaded, separated on a polyacrylamide gel and transferred to a nitrocellulose membrane. Protein bands were immuno-detected with appropriate antibodies, e.g. rabbit anti-p300 (N-15), rabbit anti-phospho-p300(S89), mouse anti-CBP, rabbit anti-HP1a, rabbit anti-HMGB1, rabbit anti-SNF5, mouse anti-Actin, mouse anti-Tubulin and goat anti-Lamin B from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA); rabbit anti-phospho-p300(S1834) from Thermo Scientific (Rockford, IL, USA); rabbit anti-phospho-MK2 and rabbit anti-phospho-Akt(S473) from Cell Signaling Technology and goat anti-DDB2 from R & D Systems (Minneapolis, MN, USA). For co-immunoprecipitation (co-IP), cells were lysed in RIPA buffer [50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 1% NP-40 and protease inhibitor cocktail] for 30 min at 4 C. After centrifugation at 14 000 rpm for 10 min, supernatant was collected for IP. One milligram of total protein was incubated with 2 mg of mouse anti-p300 antibody (clone RW128, Millipore, Billerica, MA, USA) or normal mouse IgG overnight at 4 C with continuous rotation. The immunoprecipitates were recovered after incubation for 2 h with 30 ml of Protein G plus/Protein A agarose beads (Calbiochem) and centrifugation. Western blot analysis was performed to visualize the presence of p300 and phospho-Akt.
Immuno-slot blot analysis
The extent of initial dimer formation and the damage remaining in DNA after cellular repair were quantified using non-competitive Immuno-slot blot (ISB) assay, essentially as described earlier (28, 29) . Briefly, OSU-2 cells were grown to confluence and further cultured in serum-free medium for 48 h. Cells were UV irradiated and further cultured in serum-free medium for the desired time periods. The nuclei were isolated and treated with RNase for 1 h. The genomic DNA was then isolated with phenol/chloroform/isoamyl alcohol (25:24:1), precipitated with ethanol and quantified using PicoGreen kit assay (Invitrogen). The same amounts of denatured DNA were applied to nitrocellulose membranes by mild vacuum blotting. UV-induced CPD and 6-4PP were detected with their corresponding antibodies (MBL International Corporation, Woburn, MA, USA). The intensity of each band was quantified, and the lesion concentrations were determined from a reference standard run in parallel to calculate the relative amounts of DNA lesions remaining at each time point.
Immunofluorescent staining
OSU-2 cells growing on glass coverslips were either transfected with siRNA or p300-expressing plasmids for 48 h. The cells were then washed with PBS and UV irradiated at 40 J/m 2 through an isopore polycarbonate filter (Millipore, Bedford, MA, USA), containing pores of 5 mm diameter, as described previously (30) . The cells were then double stained with mouse anti-DDB2 (ab51017, 1:100; Abcam, Cambridge, MA, USA) and rabbit anti-CPD antibodies (31) . Fluorescence images were obtained with a Nikon Fluorescence Microscope E80i (Nikon, Tokyo, Japan) fitted with appropriate filters for FITC and Texas Red. The digital images were then captured with a cooled CCD camera and processed with the help of its SPOT software (Diagnostic Instruments, Sterling Heights, MI, USA). The intensity of DDB2 was analyzed in 100 separate foci by using ImageJ (NIH) and normalized to the intensity of CPD.
Chromatin segregation assay
Chromatin fractionation was based on the sensitivity to micrococcal nuclease (MNase) treatment as described by Goodarzi et al. (32) with modifications. Briefly, cells were lysed in low-salt buffer (10 mM HEPES, pH 7.4, 25 mM KCl, 10 mM NaCl, 1 mM MgCl 2 , 0.1 mM EDTA, 0.5% NP-40 and protease inhibitor) for 10 min at 4 C. After centrifugation at 10 000 rpm for 5 min, the supernatant was saved as S10. The pellets were resuspended in high-salt (HS) buffer (50 mM Tris-HCl, pH 8.0, 1 mM EDTA, 10 mM MgCl 2 , 300 mM KCl and protease inhibitor) and immediately centrifuged at 10 000 rpm for 5 min. The supernatant is P10. The pellets were then resuspended in MNase buffer [10 mM HEPES, pH 7.9, 10 mM KCl, 1 mM CaCl 2 , 1.5 mM MgCl 2 , 0.35 M sucrose, 10% glycerol, 0.1% Triton X-100 and 1 mM dithiothreitol (DTT)], containing MNase (New England BioLabs, Ipswich, MA, USA) and incubated at 37 C for 30 min before an equal volume of solubilization buffer (MNase buffer+ 2% NP40, 2% Triton X-100 and 600 mM NaCl) was added. Samples were mixed and centrifuged at 10 000 rpm for 5 min. The supernatant is C1. The remaining pellet was resuspended in MNase buffer and sonicated (C2). Ten percent of each fraction was precipitated with 10% trichloroacetic acid and redissolved in SDS loading buffer for western blot analysis.
RESULTS
p300 is degraded upon UV or cisplatin exposures, but not following treatment with IR or Etoposide
We have previously demonstrated that the cellular levels of p300 protein decreased appreciably upon cisplatin treatment in mouse embryonic fibroblasts (25) . To extend this further and assess if other DNA-damaging agents also induce a similar decrease in p300 levels, cell lysates from NHF OSU-2 cells exposed to UV, cisplatin, IR or Etoposide were analyzed by western blotting for p300 protein. As reported earlier, the level of p300 protein showed the expected decrease immediately after 1 h treatment of cisplatin, and near full recovery to the initial levels at around 48 h post-exposure ( Figure 1A ). Analogous to this, UV irradiation also caused the reduction of p300 level, albeit this decrease peaked at $8 h of exposure and the restoration of p300 to its initial level occurred comparatively earlier at 24 h post-exposure ( Figure 1A ). This exact temporal pattern and degree of UV-induced p300 decrease were also observed in NIH 3T3 cells (Supplementary Figure S1) . Surprisingly, however, we failed to find any p300 reduction following IR or Etoposide treatments of OSU-2 cells. Moreover, in contrast to the results with UV and cisplatin exposures, the level of p300 protein actually increased in response to IR or Etoposide treatments ( Figure 1B) . These data indicate that universally all DNA-damaging agents cannot result in an attenuation of cellular p300. Given that both cisplatin-induced DNA crosslinks and UV-induced DNA dimers are primarily repaired by NER pathway, while IRand Etoposide-induced DNA DSBs are primarily repaired by homologous recombination (HR) and NHEJ, it is very likely that p300 down-regulation correlates strictly with lesion processing by NER. Moreover, to test if the decreased levels of p300 protein observed in UV-exposed cells were due to active degradation via ubiquitinproteasomal system, OSU-2 cells were pretreated with proteasome inhibitor MG132 and analyzed for altered levels of p300 protein. As shown in Figure 1C , MG132 treatment blocked the UV-induced p300 reduction found at the 8 h time point, indicating that decreased p300 levels result from protein degradation through the 26S proteasome. Taken together, these results suggest that proteasome-mediated p300 degradation could be involved in the processing of DNA lesions by the NER pathway.
UV-induced p300 degradation is an early NER event, upstream of DDB2 recruitment to damage p300 is already known to play an important role in the NER pathway (11) . In order to understand whether p300 degradation is a consequence of NER-mediated damage processing, here we have undertaken a rigorous analysis of p300 protein following UV or IR treatments of various cell lines having a known NER-related defect ( . p300 is degraded upon UV or cisplatin, but not IR or Etoposide, treatments. (A and B) OSU-2 cells were exposed to UV, cisplatin (A), IR or Etoposide (B). The p300 level was detected by using western blotting. (C) OSU-2 cells were pre-treated with MG132 for 1 h, UV irradiated and the p300 protein was detected at the desired time point. (33, 34) . Thus, failure of protein replenishment through normal transcription made the UV-induced p300 degradation more prominent as indicted by the complete disappearance of p300 at 24 and 48 h following UV irradiation of NER-deficient XP-A, XP-D and XP-F cells.
Once again, as shown in Figure1B, IR treatment failed to induce any p300 degradation in these NER-deficient cell lines, further reaffirming the inability of DSB processing to influence p300 degradation. Like other XP cell lines, the absence of DDB2 protein is responsible for the repair deficiency of the XP-E phenotype. However, DDB2 functions as the most upstream factor involved in the initial damage recognition. Besides, DDB2 is considered as a chromatin accessibility factor owing to its capacity to bind p300 (35) . To investigate the impact of DDB2 on p300 degradation, we analyzed the p300 protein levels in DDB2-deficient XP-E cells upon UV irradiation. In this case, however, the results were similar to the repair-proficient NHF as DDB2 deficiency did not affect the ability of these cells vis-a`-vis p300 degradation observed after 8 h UV post-exposure ( Figure 2D ). Due to the mild NER deficiency of XP-E cells and no impairment in transcriptional coupled repair (36) , the transcriptional repression by unrepaired DNA lesions in XP-E cells is not as prominent as other XP cells. Thus, p300 protein level can readily recover after 24 h of UV irradiation. Finally, it has been reported that p53 mediates the p300 recruitment to NER sites (11) . We also determined the effect of UV irradiation on p300 protein levels in p53-deficient 041 cells. Again, the results were similar to NER-proficient cells as UV irradiation instigated the typical p300 degradation in the absence of p53 ( Figure 2E ). Therefore, we conclude that UV-induced p300 degradation occurs earlier in the NER process and is independent of the initial damage recognition factor DDB2 or p53 protein.
p300 is phosphorylated at serine 1834 by p38 MAPK and Akt following cellular UV irradiation
The stability of p300 protein is believed to be regulated by its phosphorylation [Reviewed in (37) ]. Multiple site-specific serine/threonine phosphorylations have been identified in p300 and are linked to its pleiotropic potential (15, 19, (38) (39) (40) (41) . To discern the underlying basis of p300 phosphorylation in response to UV damage, we irradiated NHF cells and analyzed p300 phosphorylations at serine 89 and serine 1834 by western blots with antibodies against site-specifically phosphorylated p300. As shown in Figure 3A , phospho-p300(S1834) increased while phospho-p300(S89) decreased as a function of time after UV irradiation. We then pretreated the cells with MG132 to inhibit proteasome activity and determined the changes of phospho-p300 protein in the absence and presence of irradiation insult. Inhibition of proteasomal protein degradation resulted in further enhancement of the UV-induced elevated levels of phospho-p300(S1834) ( Figure 3B ). Conversely, MG132 treatment did not influence the UV-induced reduction of phospho-p300(S89). Thus, phosphorylation of p300 at S1834 appears to be specifically related to the characteristic proteasome-dependent, UV-induced p300 degradation. More importantly, the UV-induced reduction of phospho-p300(S89) is not a consequence of proteasome-mediated degradation, but most likely an unrelated event of dephosphorylation. To identify the kinases that are responsible for UV-induced phosphorylation of p300 at S1834, we tested the function of p38 MAPK and Akt in mediating p300 phosphorylation and degradation by using their specific metabolic inhibitors, SB203580 (42) and LY294002 (43) . The phosphorylation status of MK2 (pMK2) and Akt (pAkt) was utilized to determine the effects on p38 and Akt inhibition, Figure 3 . p300 is phosphorylated at S1834 upon UV irradiation by p38 MAPK and Akt. (A) OSU-2 cells were UV irradiated and further cultured for various time periods. p300 phosphorylation was detected using western blotting with anti-phospho-p300(S1834) or anti-phospho-p300(S89) antibodies. (B) OSU-2 cells were pretreated with MG132 for 1 h, UV irradiated and further cultured for 8 h, the p300 and phospho-p300 proteins were detected as (A). (C and D) OSU-2 cells were pretreated with either p38 MAPK inhibitor SB203580 (C) or Akt inhibitor LY294002 (D) for 1 h, UV irradiated at 10 J/m 2 and further cultured in media containing inhibitors for various time periods. Whole cell lysates were prepared and subjected to western blotting to detect p300 and phospho-p300. pMK2 and pAkt were detected to show the inhibition of p38 MAPK and Akt activity, respectively. The intensity of phospho-p300(S1834) in each sample was quantified and normalized to Tubulin, the relative amount of phospho-p300(S1834) was calculated compared with control sample and plotted below each immunoblotting image.
respectively. Both p38 and Akt inhibitors caused a discernible reduction of UV-induced phospho-p300(S1834) levels, especially at 8 h time point ( Figure 3C and D) . More importantly, both inhibitors concomitantly blocked the characteristic p300 degradation observed at 8 h post-irradiation. Given that LY294002 is not a specific inhibitor for Akt, we examined the effect of siRNA-mediated down-regulation of Akt on UVinduced p300 phosphorylation and degradation. Similar to the Akt inhibitor, knockdown of Akt also decreased UV-induced p300 phosphorylation at S1834 as well as blocked the p300 degradation (Supplementary Figure S2) . These results indicate that UV-induced phosphorylation of p300 at S1834 is catalyzed by both p38 MAPK and Akt, which appears to be instrumental in the degradation of p300 following cellular UV irradiation.
Since both p38 MAPK and Akt are required for UV-induced p300 phosphorylation at S1834, it may be reasoned that simultaneous inhibition of both kinases would cause greater reduction of UV-induced phospho-p300(S1834). However, dual treatment of cells with p38 MAPK and Akt inhibitors exhibited inhibitory effect on UV-induced phospho-p300(S1834) comparable to that of single inhibitor ( Figure 4A ). This indicates that p38 MAPK and Akt are acting in tandem to phosphorylate p300. Earlier it has been reported that Akt interacts directly and phosphorylates p300 at S1834 (17, 18) . To understand whether p38 MAPK promotes p300 phosphorylation by facilitating the interaction between activated pAkt and p300, we pretreated OSU-2 cells with p38 MAPK inhibitor SB203580 or Dimethyl sulfoxide (DMSO) and followed it with UV irradiation at 10 J/m 2 . The IP analysis of cellular lysates obtained at 4 h post-irradiation showed the expected interaction between pAkt and p300 was dramatically decreased under conditions of p38 MAPK inhibition. The combined data suggest that activated p38 MAPK facilitates the interaction between p300 and activated Akt, which then catalyzes the causal phosphorylation of p300 at S1834.
p300 and CBP function redundantly in the removal of UV-induced DNA lesions
It is amply established that p300 is the major HAT which somehow influences the NER process (11) . To clearly understand the underlying mechanism for the putative role of p300 in NER, especially in the context of our aforementioned results, we specifically knocked down the expression of p300 in repair-proficient OSU-2 cells and analyzed the removal rates of UV-induced CPD and 6-4PP by ISB analysis. Interestingly, we failed to find any measureable effect on the removal rates of CPD and 6-4PP under reduced cellular p300 level (Supplementary Figure S3A-C) . Nevertheless, down-regulation of p300 did negatively affect the repair of IR-induced DSB ( Supplementary Figure S4A and B) . The absence of an effect on NER could be attributed to another homologous HAT, i.e. CBP, being functionally substituted in p300-compromised cells (8) . To test whether p300 and CBP function redundantly in NER, we knocked down the expression of p300 and CBP, either singly or simultaneously, and determined the removal rate of UV-induced CPD and 6-4PP. The p300 siRNA specifically targeted the p300 protein level without an influence on CBP. The CBP siRNA not only knocked down the primary CBP protein but also targeted p300 to some extent ( Figure 5A ). As expected, double knockdowns of the two HATs, but not the single knockdowns of p300 or CBP, negatively affected the removal of CPD ( Figure 5B and C). However, under the same conditions 6-4PP removal, which is known for its rapid repair rate, was unaffected ( Supplementary Figure S5A and B) . The reduction of acetylated histones H3 and H4 in cells with simultaneous double, but not the single, knockdown of p300 and CBP (Supplementary Figure S6) , further confirmed the redundant function of p300 and CBP in NER. To investigate whether p300/CBP is required for the recruitment of DDB2 to UV-damaged sites, we performed the dual immunofluorescent staining to detect DDB2 and CPD within locally micropore UV-irradiated nuclear sites. As shown in Figure 5D , knockdown of either p300 or CBP did not affect the recruitment of DDB2 to CPD sites, as reflected by bright DDB2 foci (red) at almost all Figure 4 . p38 MAPK and Akt cooperate to phosphorylate p300 at S1834 in response to UV irradiation. (A) OSU-2 cells were pretreated with either p38 inhibitor, Akt inhibitor or both for 1 h. Cells were subsequently UV irradiated at 10 J/m 2 , and further cultured for 4 h. The phospho-p300 at S1834, pMK2 and pAkt were detected using western blotting. The intensity of phospho-p300(S1834) was quantified as in Figure 3. (B) OSU-2 cells were pretreated with 10 mM of p38 inhibitor SB203580 for 1 h, UV irradiated at 10 J/m 2 and further cultured for another 1 h. Whole cell extracts were prepared and subjected to IP with anti-p300 antibody or normal IgG. pAkt in the immunoprecipitates was detected using western blotting. pMK2 was detected in Input to show the inhibition of p38 MAPK activity.
CPD sites (green). However, when p300 and CBP were simultaneously down-regulated, the intensity of DDB2 foci at CPD sites was seen to appreciably decrease both qualitatively and quantitatively. Since p300 and CBP are transcriptional co-activators, we wanted to know whether the effect of p300 and CBP double knockdown on NER is due to a reduced expression of NER genes. Western blotting analysis showed that none of the tested NER factors, e.g. XPA, XPC, XPF, XPG and DDB2, exhibited a reduction in their levels upon either single or double knockdown of p300 and CBP (Supplementary Figure  S7) . These results indicate that p300 and CBP redundantly function as the HATs influencing the recruitment of initial DNA-damage recognition factor DDB2 to damage sites in processing the lesions by NER pathway. Given that p300 is degraded upon UV irradiation, we wanted to know whether CBP protein also undergoes degradation to facilitate NER. Surprisingly, in contrast to p300, CBP protein did not exhibit a decrease upon UV irradiation (Supplementary Figure S8) , indicating that CBP protein, after participating in NER, leaves the damage sites by mechanisms other than degradation.
p300 phosphorylation at S1834 is critical for the removal of UV-induced DNA lesions UV radiation-induced p300 phosphorylation at S1834 appears to be a pivotal modification with an exclusive role in NER. To further reinforce the distinct contribution of phospho-p300(S1834) to the NER process, we overexpressed wild-type p300 or its S1834A mutant (unable to phosphorylate at S1834) in OSU-2 cells ( Figure 6A ) and determined the removal rates of UV-induced CPD. As shown in Figure 6B and C, cells overexpressing p300-S1834A exhibited severely reduced efficiency in removing UV-induced CPD when compared with wild-type p300-overexpressing cells. Thus, p300 phosphorylation at S1834 is obviously important in NER. Notably, the p300-S1834A mutant protein exercised its NER attenuating influence in the presence of native wild-type p300 in OSU-2 cells. Thus, the mutant protein acts in a dominant negative manner to block the activity of the native protein. To further understand this phenomenon, we determined the effect of p300-S1834A overexpression on the recruitment of DDB2 to UV-damaged sites via local UV irradiation and immunofluorescence visualization. Figure 6D showed that overexpression of wild-type p300 did not affect the recruitment of DDB2 to CPD sites. However, similar to the effects of simultaneous down-regulation of p300 and CBP on DDB2 recruitment shown in Figure 5D , overexpression of p300-S1834A also reduced the recruitment of DDB2 to CPD sites, as demonstrated by a decreased intensity of DDB foci (red) at CPD (green) sites. Taken together, this set of data suggests that p300 phosphorylation at S1834 facilitates the removal of UV-induced CPD by promoting the recruitment of initial NER factors to damage sites.
p300 is recruited to nuclease-resistant chromatin fraction to facilitate the relocation of DDB2
Participation of p300 in NER entails that it is somehow directly associated with DNA damage sites. Indeed, two research teams have attempted to demonstrate the discernible co-localization of p300 at actual NER sites (11, 44) . Although the analysis of pixel intensity profiles seems to indicate the co-localization of p300 and CPD or NER sites, the immunofluorescence images were ambiguous and inconclusive for co-localization. Similarly, our attempts to simultaneously visualize both CPD and p300 did not show a clear recruitment of the p300 protein to UV-induced DNA damage sites (Supplementary Figure S9 ). Since p300 is distributed throughout the entire nucleus, its level of recruitment to damage sites by Figure 6 . Phosphorylation of p300 at S1834 is critical to the repair of UV-induced DNA lesions. (A) OSU-2 cells were transfected with empty vector, wild-type p300 or mutant p300-S1834A for 48 h and western blotting was performed to detect the expression of p300. (B) OSU-2 cells transfected with either p300-WT or p300-S1834A expressing plasmids were UV irradiated at 10 J/m 2 and further cultured for 8 or 24 h. The genomic DNA was isolated and an identical amount of DNA was loaded for ISB with anti-CPD antibody. Single-strand DNA was used as a loading control. (C) The relative remaining CPD was calculated as described in Figure 5 . (D) OSU-2 cells transfected with either p300-WT or p300-S1834A were UV irradiated at 40 J/m 2 through a 5 -mm micropore filter and further cultured for 30 min. Cells were processed for double staining of DDB2 and CPD as described in Figure 5 .
delocalization/relocalization appears to be outside the sensitivity of detection by the immunofluorescent staining schemes. Hence, we utilized an alternate approach to demonstrate the possible association of p300 with damaged DNA. It is believed that p300 contributes to DNA repair through histone acetylation. This process relaxes the condensed chromatin and increases accessibility to DNA lesions (11) . Thus, p300 could very well function in the repair of DNA lesions located in heterochromatic regions. To address this, we separated the cellular protein extracts into fractions enriched for highly soluble, open chromatin or compacted chromatin segments based on the sensitivity to MNase digestion and salt extraction, as outlined by Goodarzi et al. (32) ( Figure 7A and B and Supplementary Figure S10A and B) . Successful fractionation is revealed by the presence of HP1 in both relaxed and condensed chromatin as well as the absence of its release by 0.3 M KCl without MNase treatment. In contrast, due to its loose association with chromatin, HMGB1 was completely released by the HS and was absent from the chromatin fraction. Neither of the two proteins, HP1 and HMGB1, showed any UV-induced translocation between different fractions. In the absence of stress, p300 and CBP exhibited a discrete localization and was abundant in the fraction constituting nucleoplasm. UV irradiation caused a portion of p300 and CBP to specifically relocate to the compacted chromatin, but not to the open chromatin fraction, indicating p300 and CBP are required for processing DNA lesions within the compacted chromatin compartment. Our results also showed that upon UV irradiation two NER factors, DDB2 and XPA, as well as a chromatin remodeling factor, SNF5, translocated to the compacted chromatin fraction. These combined results indicate that the repair of UV-induced DNA lesions and chromatin remodeling occur in the structurally distinct nuclease-resistant chromatin compartment.
To determine whether p300/CBP is required for the translocation of DDB2 to compacted chromatin, we simultaneously down-regulated the expression of p300 and CBP in OSU-2 cells and assessed the specific protein partitioning in segregated chromatin following cellular UV irradiation. As shown in Figure 7B , dual knockdown of p300/CBP did not affect the translocation of DDB2 to nuclease-sensitive open chromatin (C1), but negatively affected the translocation of DDB2 to nuclease-resistant compacted chromatin (C2), indicating that p300/CBP is critical to NER factor assembly in the heterochromatic regions.
DISCUSSION
UV and cisplatin, but not IR or Etoposide, transiently induce p300 degradation
The level of p300 protein in the cellular nucleus is tightly regulated to maintain normal development and cell proliferation (45) . Effective termination of its activity after transcriptional activation is essential for cells to ensure precisely controlled gene expression. Similarly, if p300 is recruited to participate in DNA repair, the effective removal of p300 from a damage site is also essential for the recruitment of subsequent DNA repair machinery. According to the theory of sequential assembly of repair factors in the process of NER (3, 46, 47) , initially assembled proteins must vacate from the repair site either through degradation, such as DDB2 and XPC (48, 49) , or via dissociation, such as TFIIH, to make space for the recruitment of other subsequent repair factors. Thus, the degradation of p300 following UV irradiation could serve as the mechanism for evicting p300 from repair sites. Alternatively, p300 degradation, following UV and cisplatin treatment, could serve as the function of transcriptional repression. It is well known that transcription by RNA polymerase II is globally repressed following DNA damage (33, 34) . As a transcription co-activator, p300 degradation may contribute to DNA damageinduced transcription inhibition. However, we failed to find p300 degradation in response to IR or Etoposide treatment. It was reported that IR or Etoposide treatment induced p300 phosphorylation at serine 106 in an ATM-dependent manner (23) . This kind of phosphorylation was found to stabilize p300 protein in response to DNA damage, and thus explain why no p300 degradation was found after IR and Etoposide treatments in our study. IR and Etoposide induce DSB, which are repaired by HR and NHEJ. It has been reported that p300 is recruited to DSB sites to acetylate histones H3 and H4 and facilitate . p300 is recruited to nuclease-resistant chromatin upon UV irradiation to facilitate the relocation of DDB2. (A) OSU-2 cells were UV irradiated at 0 or 20 J/m 2 and further cultured for 1 h. Cells were processed for chromatin segregation as described in 'Materials and Methods' section. Each fraction, corresponding to equivalent cell numbers, was subjected to western blot analysis. S10: cytoplasmic proteins; P10: nucleoplasmic proteins and proteins bound to chromatin loosely; C1: proteins bound to chromatin that are accessible to MNase and C2: proteins bound to chromatin that areresistant to MNase. (B) OSU-2 cells were transfected with 50 nM of p300 and 50 nM of CBP siRNA simultaneously for 48 h, UV irradiated at 10 J/m 2 and further cultured for 1 h. Cells were then processed for chromatin segregation, and the individual fractions were subjected to western blot analysis with anti-DDB2, anti-HP1a and anti-HMGB1 antibodies. SWI/SNF chromatin remodeling (10) . Since we did not observe p300 degradation after IR or Etoposide treatments, we speculate that soon after its action, p300 must vacate the DSB sites through dissociation from repair machinery. In essence, it is clear that while p300 participates in both NER and DSB repair, the fate of p300 is dramatically different.
Akt-mediated p300 phosphorylation at S1834 correlates with p300 degradation Multiple signaling pathways have been identified in the regulation of p300 turnover. Phosphorylation of p300 has been shown to either enhance the degradation of p300 protein through the 26S proteasome pathway or maintain p300 protein stability. It has been reported that p300 stability is modulated by Akt activation, and the phosphorylation at S1834 is required for this p300 stabilization (20, 21) . However, our data clearly demonstrated that inhibition of Akt activity totally blocked the UV-induced p300 degradation, as well as p300 phosphorylation at S1834. Apparently, Akt-mediated p300 phosphorylation at S1834 is critical to the stability of p300 in the absence of an exogenous assault, while Akt-mediated p300 phosphorylation promotes its degradation in the presence of NER-specific DNA damage. Clearly, therefore, the phosphorylation-mediated p300 degradation would play an important role in NER.
Besides Akt, we also demonstrated that p38 MAPK participated in the phosphorylation of p300 at S1834 and its degradation following UV irradiation. Most importantly, our data suggest that activated p38 MAPK facilitates the interaction between p300 and activated Akt, which catalyzes the phosphorylation of p300 at S1834. We have previously reported that p38 MAPK is involved in UV-induced chromatin relaxation and histone acetylation (50) . Given that p300 phosphorylation at S1834 stimulates its HAT activity (18) , in all likelihood the reported p38-mediated chromatin relaxation and histone acetylation can be attributed to the enhancement of p300 HAT activity caused by p300 phosphorylation.
It is also possible that Akt may affect the interaction between MAPK and p300. However, unlike Akt, although p38 MAPK was reported to phosphorylate p300, the phosphorylation site is in N-terminus (aa 1-596), but not the C-terminus (aa 1572-2414) (41) . Thus, Akt is more likely than p38 MAPK to interact with and catalyze p300 phosphorylation at S1834. p300 phosphorylation, but not p300 itself, is important for efficient NER It is well known that the complete NER reaction involves several biochemical steps including damage recognition, dual incision and gap-filling DNA synthesis (51) . Existing information seems to suggest that p300 influences NER by participating at all of these steps. First, p300 interacts with both DDB2 and DDB1 (35, 52) , and it is suggested that p300 could be recruited to the damaged chromatin by the DDB complex to help chromatin remodeling at the damage sites to allow recruitment of repair complexes to recognize DNA damage. Second, p300 is required for optimal activation of the dual incision reaction in chromatinized template in vitro (53) . Third, p300 is associated with newly synthesized DNA and PCNA after UV irradiation, leading to suggestion that p300 facilitates PCNA function in DNA repair synthesis (44, 54) . In this study, we have assessed the role of p300 in efficiently removing UV-induced photolesions and, not surprisingly, found that p300 is not absolutely required for the removal of UV damages due to the well-established redundant role of p300 and CBP HATs. Instead, we were able to demonstrate that p300 phosphorylation at S1834 is essential to NER. As discussed above, phosphorylation-mediated p300 degradation seems to be the key for the important role of p300 in DNA repair. These data suggest that p300 is obviously recruited to UV-induced DNA damage sites (11, 44) . Once used, the eviction of p300 via the degradation of the phosphorylated form (p300-S1834) could facilitate the subsequent recruitment of other repair factors. On the other hand, failure to clear out, due to the sustained occupancy of DNA damage sites by the un-phosphorylated form (p300-S1834A mutant), impedes the recruitment of these factors and consequently results in a repair deficiency following UV exposure. Our previous finding, that inhibiting p38 activity compromised the recruitment of XPC and TFIIH to UV-induced DNA damage sites (50) , could also be attributed to such a repair deficiency due to inhibited p300 phosphorylation and degradation. Protein sequence comparisons show that the amino acid residues containing S1834 in p300 protein (MAS1834M) can also be found in CBP protein (MAS2184M). Given that p300 phosphorylation at S1834 is critical to NER, it will be interesting to understand whether the CPB protein can also be phosphorylated at serine 2184 and if it plays a unique role in DNA repair. p300 participates in the repair of UV-induced CPD in heterochromatic regions Structurally, chromatin in mammalian cells is organized as the highly condensed heterochromatin and loosely packed euchromatin, representing two distinct entities from the standpoint of DNA damage sensitivity and repair processing. As such, chromatin creates a natural barrier for access to DNA during damage repair. Our chromatin segregation analysis demonstrated that p300 redistributed to the MNase-resistant heterochromatin compartment but not to the MNase-sensitive euchromatin, indicating that p300 may play a role in the repair of heterochromatic DNA lesions. According to our data, the majority of p300 resides in the nucleus, and only a small portion of p300 is redistributed to MNase-resistant chromatin, explaining why it has been difficult to demonstrate p300 recruitment to local UV-damage sites by immunofluorescence. Given the differences in the extent of chromatin condensation within the euchromatin and heterochromatin, we can reason that the processing of UV-induced photolesions in the structurally recalcitrant heterochromatin requires additional layers of regulation. In this vein, the redistribution of p300 and SNF5, and possibly other factors, to the MNase-resistant chromatin suggests that these factors are important in overcoming the constraints imposed by the heterochromatin on the repair machinery.
In conclusion, our data suggest that in response to UV irradiation, p300 is phosphorylated at serine 1834 by the cooperative effect of p38 and Akt and is specifically recruited to DNA lesions in heterochromatic regions to facilitate the relaxation of chromatin. The phospho-p300(S1834) is subsequently evicted through proteasomal protein degradation to allow the space needed for the recruitment of downstream repair factors and efficient removal of DNA lesions (Figure 8 ).
